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STUDY ON THE POSSIBILITY TO ESTIMATE THE VEHICLE SIDE

SLIP USING TWO INDEPENDENT GPS RECEIVERS

Dinu COVACIU, Ion PREDA, Dragoş-Sorin DIMA, Anghel CHIRU

Abstract: Slip angle is the difference between the direction a vehicle is travelling and the longitudinal

plane of the vehicle body. Knowing vehicle sideslip angle accurately is critical for active safety systems

such as Electronic Stability Program (ESP). Vehicle sideslip angle can be measured using optical speed

sensors, inertial sensors and/or dual-antenna GPS. These systems are expensive and their use is limited for
many users. The goal of this paper is to analyze the possibility of estimation of the vehicle sideslip angle,

in real-time, by using two low-cost single-antenna GPS receivers.
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1. INTRODUCTION

Slip angle is basically the difference between

the travelling direction of a vehicle (known also

as course, or course over ground) and the

direction of a longitudinal plan of the vehicle

body (known also as true heading). The yaw rate

or yaw velocity of a vehicle is the angular

velocity of this rotation, or rate of change of the

heading. The knowledge of the vehicle sideslip

and of the yaw rate is critical for some vehicle

control systems (like ESP). Many previous

studies were conducted in order to find the best

solution for measuring the vehicle slip, for both

research and practical purposes.

The existing methodologies for sideslip

estimation can be categorized into three groups

[1]: kinematics-based estimation, kinetic model

based estimation, and GPS based estimation.

The first method (kinematics based) is robust to

vehicle parameter errors, but it is sensitive to

sensor bias and disturbances. Kinetic model-

based methods require very accurate parameter

information, and the small sideslip angle

assumption is critical.

In most researches, the solution was to use

GPS antennas in combination with inertial

sensors: [1], [3], [4], [5]. The principles are

presented in detail in [2]. Yaw rate can be

measured with a low-cost gyroscope, but for

vehicle sideslip measurements the ground speed

of different points of the vehicle is required, with

a good accuracy. These types of sensors are

expensive. During the last years, it was

demonstrated that the sideslip can be directly

measured with a two-antenna GPS system [1],

[6], combined if possible with IMU (Inertial

Measurement Unit) sensors. There was also

proposed the use of PPP (precise-point-

positioning) technology in order to obtain a

higher accuracy of GPS measurements [7].

2. THEORY OF SLIP ANGLE

MEASUREMENT

2.1 Kinematic model

The model used frequently in the study of the

lateral dynamics of a vehicle is the "bicycle

model" (single-track vehicle model) [8], [9]

(Fig. 1). The two left and right front wheels are

represented by one single wheel at point A, and
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the rear wheels are represented by one central

rear wheel at point B. The steering angles for the

front and rear wheels are represented by df and

dr respectively. The center of gravity (CG) of the

vehicle is at point CG. The distances of points A

and B from the CG of the vehicle are lf and lr.

The wheelbase of the vehicle is L = lf + lr. Three

coordinates are required to describe the planar

motion of the vehicle: X, Y and Ψ. The

coordinates X, Y are inertial coordinates

describing the location of the CG. The yaw angle

Ψ indicates the orientation angle (heading) of

the vehicle. The velocity at the CG of the vehicle

is V and makes an angle b with the longitudinal

axis of the vehicle. The angle b is called the slip

angle of the vehicle.

Fig. 1. Simplified model for study of vehicle

kinematics

The angles df and dr are between each wheel

direction (of the bicycle model) and the direction

of the vehicle body. From the triangles OCGA

and OCGB in Fig. 1 result the equations:
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From these, after successive transformations

results:
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Knowing that the angular velocity of the

vehicle is v/R, representing the rate of change of

the vehicle heading (changing in the orientation

of vehicle, or the yaw rate of the vehicle body)

is
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the overall equations of motion will be [8],

[9]:
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The input values in this model are df, dr and

v. The velocity v can be assumed to be a time

varying function and can be obtained from a

longitudinal vehicle model. The slip angle b can

be determined when the changes of the

coordinates for a small interval of time and the

yaw rate are known.

2.2 Slip angle measurement with two GPS

antennas

One of the professional device used for slip

angle measurement, based on GPS receivers, is

VB20SL (Fig. 2) (part of VBOX family) from

Racelogic. The VB20SL is a multi-purpose non-

contact speed sensor [11]. Using an advanced

dual antenna GPS engine, the VB20SL can

calculate not only the speed and direction of

travel of the object upon which it is placed, but

also an accurate slip angle and pitch or roll

angle.

Fig. 2. VB20SL (20 Hz sampling rate)

The installation of the two antennas depends

by the variables that should be measured. In

order to measure the body slip angle and the

pitch angle, the antennas should be placed along

the longitudinal axis of the vehicle. In order to
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measure the body slip angle and the roll angle,

the antennas will be placed transversally.

Fig. 3. Using two antennas for slip angle

measurement

As shown in Fig. 3, the VB20SL system uses

two antennas to measure the slip angle – one

designated as the primary antenna and the other

one designated as the secondary antenna [12].

The antennas are placed on the vehicle at a set

distance apart. The data from both antennas are

used to calculate the true heading (which is the

direction of a straight line through the antennas,

disposed longitudinally, as in Fig. 3, between the

blue circles). The greater the separation between

the antennas is, the more accurate is the

measurement of slip angle. It is also measured

the GPS course at the primary antenna (course

over ground heading). The slip angle at the

primary antenna is the difference between the

true heading and the course over ground heading

at that point.

Any turning maneuver will generate a level of

slip angle. The vehicle will still have a true

heading and a course over ground, but that

"course over ground" is different depending

upon where on the vehicle it is measured

(depends on the chosen point). The "course over

ground" heading of a point at the front of the

vehicle will be generally different to that at the

back of the vehicle during a turning maneuver.

So it is very important where is placed the

primary antenna. If the primary antenna is

placed over the steered wheels themselves, the

measured slip angle would be almost identical to

the wheels steering angles, less a small amount

of tire slip.

In case of oversteering, for example, the slip

angle measured at the rear of the car will show a

larger slip angle than in a normal steering

maneuver. The slip angles measured at the

middle and front of the car in this case are

reduced, but still affected by the angle of the

steered wheels. The slip angle of any point on

the vehicle body can be obtained by translating

the value obtained for the point of measurement,

considering the yaw rate and the velocity are

known (starting from the relations (5) - (7) given

above).

Using precise positioning with two antennas,

it is possible to measure the slip angle without

the need of a supplementary INS device (inertial

navigation system). However, the accuracy of

the relative positioning data and also the heading

and speed information obtained from the two

antennas are critical.

3. SLIP ANGLE MEASUREMENT WITH

VB20SL

Data recorded with VBOX devices (including

VB20SL) are stored in text files, with a structure

easy to understand. Data can be processed using

VBOXTools software or even a general data

processing software, like Excel. A sample test is

presented here, with data recorded in a

roundabout (see Fig. 4).

Fig. 4. The track represented in

VBOXTools (left) and Excel (right)

Sample data are presented in Table 1. There

are three main categories of data: measured

(examples: satellites, latitude, longitude, speed,

heading, height), calculated (examples: travelled

distance, x and y coordinates in meters, absolute

heading, slip angle, centre line deviation, radius

of turn) and taken from CAN interface

(examples: heading 2, true heading). In this case

data taken from CAN interface are provided by

the VB20SL engine, and are obtained thanks to

the secondary GPS antenna.
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Table 1

Sample data from VB20SL

Time Vel. Head.
Slip

Angle

turn-

radius

Centre-
Line-

Dev.

X Y
True

Head

0 1.066 157.45 0.00 1.01 0.31 0.00 0.00 312.10

0.05 1.079 152.79 0.00 5.85 0.31 0.01 -0.02 312.27

0.1 1.06 154.17 106.37 1.19 0.32 0.01 -0.03 311.96

0.15 1.411 155.32 132.76 0.99 0.33 0.02 -0.05 311.93

0.2 1.271 156.2 144.94 50.57 0.33 0.03 -0.07 311.77

0.25 1.47 154.23 149.31 1.38 0.34 0.04 -0.09 311.65

0.3 1.615 157.87 152.59 1.72 0.35 0.05 -0.11 311.54

0.35 1.612 153.96 154.42 4.32 0.36 0.06 -0.13 311.50

0.4 1.8 155.12 155.63 1.37 0.37 0.07 -0.15 311.44

0.45 1.939 154.73 156.08 1.16 0.38 0.08 -0.18 311.43

0.5 1.975 157.95 156.02 7.60 0.39 0.09 -0.20 311.20

0.55 2.073 154.5 156.71 4.50 0.40 0.10 -0.23 311.06

In Fig. 5 below is given the graphical

representation of calculated slip angle (orange),

measured speed (blue), heading (gray) and true

heading (red). The same variables, with slip

angle calculated in Excel, are shown in Fig. 6.

The value of "true heading" is taken from

VB20SL - is calculated internally, based on the

heading and velocity values measured with the

two GPS sensors. The "heading" value is given

by the primary GPS antenna and slip angle is

calculated.

Fig. 5. Diagrams of speed, heading and slip angle, as

function of time (VBOXTools)

Fig. 6. Diagrams of heading, true heading and slip angle,

calculated in Excel

Fig. 7. Centre line deviation (in meters), versus time

Other calculated data are centre line deviation

(Fig. 7) and radius of turn. Radius of turn and

speed will give the yaw rate (equation 4). Centre

line deviation indicates the vehicle deviation

from a specified centre line of the track. The

centre line can be configured by the user. The

VBOXTools software includes the capability to

perform centre line deviation tests in both live

and post-processed modes. By knowing the

heading when driving straight ahead, the

software can calculate any deviation from the

reference line [13]. This is done using the speed

and heading parameters, and as such is very

accurate (within a few cm) for tests of short

durations (less than one minute). It should be

noted that the heading value recorded by a

VBOX is more accurate at faster speeds, so this

test is best done over 30 km/h, according to the

VBOX documentation. The centre line deviation

test is usually made for straight roads and is

meant to indicate when the car is not driving

straight ahead or when he make an overtaking

maneuver. The high values that appear in the

diagram in Fig. 7 are normal for a circular path.

4. SLIP ANGLE MEASUREMENT WITH

TWO INDEPENDENT GPS RECEIVERS

The VB20SL system has an update rate of 20

Hz. Higher update rates are available only for the

systems with single antenna. On the market can

be found also some single antenna devices with

a 20 Hz update rate, and many devices with 10

Hz or 5 Hz sampling rate. A problem at high

sampling rates is to synchronize the outputs of

the two receivers. For low sampling rates, the

synchronization is not so important. This is why

we chosen for tests two GPS 18x-5Hz receivers

from Garmin, with an update rate of 5 Hz [14].

The output of the GPS 18x-5Hz receiver

consists in successive sequences of text

information, according to NMEA 0183 [15]
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specification. These data are primarily collected

and processed using a custom software

application integrated in an in-house made data

acquisition system, DS-5 [16]. Data stored by

this system in the output text files were not

enough for this study, so that it was necessary to

update the software, to store also the heading

values. The user interface of the data acquisition

software is shown in Fig. 8, with the heading

position and raw NMEA sequences marked with

red contours.

Eventually the data recorded on a test looks

like this:
25.6352237,45.6397665,605.6,14:58:08.6,

11.15,358.2,1,07

25.6352237,45.6397727,605.5,14:58:08.8,

11.28,356.8,1,07

25.6352242,45.6397785,605.5,14:58:09.0,

11.30,002.1,1,07

25.6352240,45.6397842,605.5,14:58:09.2,

11.30,002.1,1,07

25.6352230,45.6397898,605.4,14:58:09.4,

12.17,357.6,1,07

25.6352213,45.6397957,605.4,14:58:09.6,

12.24,358.5,1,07

25.6352198,45.6398015,605.3,14:58:09.8,

12.24,358.5,1,07

25.6352193,45.6398078,605.1,14:58:10.0,

12.98,001.0,1,07

where the fields, comma separated, are:

longitude, latitude, altitude, time, speed,

heading, a quality indicator (1 means standard

3D fix, 2 means differential signal was

available) and the number of satellites in view.

It can be noticed the resolution of the

available data: 7 decimals for the geographic

coordinates, 0.1 meters for altitude, 0.01 km/h

for speed, 0.1 degrees for heading.

Fig. 8. The user interface of the data acquisition

software

The heading value represents the course over

ground heading for that receiver (antenna). Zero

degrees means the traveling direction is North.

From this point, the data processing was done

using a custom AutoLisp application (under

AutoCAD) [16] and MsExcel.

5. DATA COLLECTING AND

PROCESSING

The two antennas were mounted in two

versions: on the longitudinal axis of the vehicle,

and transversally, above the approximate section

that includes the CG (center of gravity) of the

vehicle.

With the two antennas aligned with the

longitudinal axis, the registered tracks are

represented in Fig. 9. The secondary antenna

(front) was mounted approximately above the

CG of the vehicle body.

Fig. 9. Track recorded with two antennas aligned

with the longitudinal axis of the car body

The speed versus distance diagram is

presented in Fig. 10. There are small differences

between curves because the two antennas are

travelling slightly different paths.

In Fig. 11 is shown the speed versus time

diagram. The numbers above the time line

correspond to the numbers marked in Fig. 9. So

it can be seen the speed measured by the two

antennas at the same moment, depending by the

car position, when turning. A detail is given also

in Fig. 11, showing that the speed measured by

the front receiver is a little higher than the speed

measured by the rear receiver, in a left turn of

the vehicle (between the marked points 2 and 3

as in Fig. 9).

Fig. 10. Speed versus distance diagram for the two

records
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Fig. 11. Speed versus time diagram, with a detail

The speed values measured by the GPS

receiver are more accurate than the coordinates

of successive positions, so the traveled distance

for each antenna can be calculated more

precisely using the speed and time values. The

differences in the speed measured indicate

different distances traveled by antennas,

meaning that the vehicle turns. The track can be

represented in this case starting from a reference

point chosen by the user and drawing points with

polar coordinates, using speed and heading

information from the two GPS receivers. An

example is given in Fig. 12, where the two tracks

are generated based on data from two

independent receivers, with antennas placed

transversally on the car roof.

Fig. 12. Part of the track generated using speed and

heading information

The speed and heading diagrams for these

records are shown in Fig. 13 and Fig. 14. The

differences in speed can be seen obviously when

the vehicle turns.

Fig. 13. Speed versus time

Fig. 14. Antenna courses versus time

Knowing the distances travelled by the two

measuring points (the points where the two

antennas are placed) (see Fig. 15) and the

distance between these points it can be

ascertained the turning radius, and using the

speed and radius the yaw rate can be calculated.

As for VBOX, a calibration is necessary at the

beginning of the test, in order to calculate the

yaw angle of the vehicle for successive

positions. This calibration can be done also

using the logged data, extracting the information

for a straight driving road segment.

Fig. 15. Distance travelled by the two antennas

Fig. 16. Courses measured by the two antennas, on

the entire circuit

A diagram of the heading variation during the

move on the entire circuit is given in Fig. 16,
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where can be noticed some obvious deviations

of the curve from the expected values.

Differences between the two curves are normal,

since the vehicle is not moving in straight line,

but the peaks that appears for a single antenna

are obviously caused by some measuring errors.

These errors should be filtered out.

Also based on speed and heading values, the

variation of X and Y coordinates can be

calculated, and using equations (5) and (6) it is

possible to find the slip angle for the respective

point.

However, the distances measured between

the equivalent points (considering the time of

each record) on the two tracks shown in Fig. 12

is not constant (as it is in reality). The

differences are caused by cumulated errors of

speed and heading measurements. The

measurement resolutions of speed (0.01 km/h)

and heading (0.1 degrees) lead to a deviation of

about 2 cm for two successive positions.

However, the errors given by signal propagation

and receiving conditions (like number of

satellites in view, differential signal availability)

may be higher.

6. CONCLUSION

A comparison between the results obtained

with the dual antenna system (VB20SL) and

with two independent receivers is not

appropriate, since the tests where conducted in

different locations, at different times and in

different driving conditions. A comparative test

between these two types of logging systems will

be made as a future work.

The results obtained for particular cases lead

us to the conclusion that it is possible to estimate

the slip angle, yaw rate, radius of turns and other

derived parameters, using logged data from two

independent GPS receivers. Even when using

very accurate devices, like VB20SL and VBOX,

the results are influenced by the reception

conditions and different results can be obtained

for different places, considering the same

behavior of the vehicle. For critical applications

of automated vehicle control  it is mandatory to

use additional sources of information, which can

be IMU devices or the vehicle CAN Bus (taking

data  like wheel speeds and/or steering wheel

turning angle). When the goal of the test is to

analyze the vehicle behavior in different driving

conditions but in the same location, the dual

antenna GPS systems, and also the systems

composed by two identical independent GPS

receivers, are appropriate.
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